This paper investigates the impacts of weave structures and weft density on the Poisson's ratio of worsted fabric under uniaxial extension. In this study nine groups of worsted fabrics comprising of three weave structures (twill 2/2, twill 3/1 and hopsack 2/2), each produced in three different weft densities were examined. Samples were extended in weft direction uniaxially and the Poisson's ratio of fabric in various extensions was measured. Analysis showed that the effect of both weft density and weave structure are significant with no combination effect on the Poisson's ratio. It was found that there is an exponential correlation between warp and weft crimp during fabric extension. For the worsted fabrics used in this research in all three fabric structures, fabrics with higher weft yarn density have higher value of Poisson's ratio. It was also concluded that for the fabrics with the same condition but only different in structures, this ratio is related to the structural firmness of fabric. In all three fabric structures the value of the Poisson's ratio were following the same pattern of twill 2/2, twill 3/1 and hopsack 2/2 from highest to lowest value. It was revealed that there is a high linear correlation between the crimp interchange ratio and Poisson's ratio.
INTRODUCTION
Fabrics and nonwovens satisfy a wide range of needs and requirements and the main source of the textile materials in sheet form. The physical and mechanical properties of these materials define the scope of their end use in a variety of needs and applications. Therefore, it is crucial to have a better understanding of the parameters that influence the behavior of these materials. The Poisson's ratio is a fundamental mechanical property of any material. It influences the behavior of the material and helps to have a better interpretation of its mechanical behavior in practice. The effect of this ratio on some mechanical properties of fabric such as drape and shear has been cited in the literatures of Chen and Govindaraj [1, 2] , Leaf [3] ). Due to the anisotropic nature of fabric, analysis of the effect of physical parameters of fabric on Poisson's ratio value is helpful and gives a better explanation of the material's behavior. Due to the inherent nature of textiles, accurate and reliable measurement of this ratio is a difficult task. The aim of this research is to study the effect of the structural parameters of worsted fabric including weave structure and weft density on the Poisson's ratio under uniaxial elongation.
LITERATURE REVIEW
During the uniaxial extension or compression of a solid material, besides the deformation in the direction of applied force, a certain amount of lateral contraction or expansion, perpendicular to the direction of the applied stress occurs. This observable fact is called the Poisson's effect and the ratio of the value of the strain in the lateral direction to the axial direction is called the Poisson's ratio. This phenomenon is important in many engineering applications and computer simulations.
This engineering property has been studied by many researchers. In the area of woven fabric, Kilby [4] , utilized a simple trellis model for a woven fabric and analyzed the planar stress-strain relationship. He observed that there is a relationship between Poisson's ratio, shear modulus and elasticity modulus of the fabric. Petterson and Backer [5] , expressed a definition of the performed experiments to measure the tensile behavior of nonwovens in a range of test angles related to the principal directions and besides they measured the Poisson's ratio of them. Treloar and Thirwell [6] measured and used the Poisson's ratio in the definition of geometrical strain in their theoretical analysis. The change in the thickness and volume of the nonwoven fabrics during deformation was calculated in their investigation. Hearle et al. [7] analyzed the mechanical properties of woven fabrics. http://www.jeffjournal.org Volume 8, Issue 2 -2013 They also derived the Poisson's ratio of the woven fabric by the assumption of the negligibility of the yarn extension and compression. By means of optimal-control theory, De Jong and Postle [8] applied energy analysis on mechanics of woven fabric structures during deformation. From their analysis Poisson's ratio was predicted to be less than one. It was noted that the theoretical calculations of fabric Poisson's ratio were in contrast with the experimental results. Lloyd and Hearle [9] put forward their suggested method of the uniaxial tensile test for measuring Poisson's ratio. They concluded that their method did not provide satisfactory results. In the research work done by Hearle and Ozsanlav [10] , they measured the Poisson's ratio of adhesivebonded nonwovens. They concluded the rate of lateral contraction is low in small elongations, but increases between 5 and 10% elongation. Leaf and Kandil [11] used a simple mechanical model called the "straight-line" or "saw-tooth" to simulate an idealized woven fabric and presented some critical data on the initial load-extension behavior of plain woven fabrics. A solution was suggested for the initial young's modulus and the Poisson's ratio. Nhan [12] established a model for fabric buckling. In his model, Poisson's ratio, elasticity modulus, and shear modulus were the main parameters influencing buckling. Collier et al. [13] worked on simulation of fabric drape using finite element analysis. They concluded that Poisson's ratio affects the fabric drape. Bao et al. [14] studied the error sources of measuring the Poisson's ratio of textile fabrics during uniaxial tensile tests. Basset et al. [15] stated that it is hard to precisely measure the Poisson's ratio of fabrics due to lack of reliable experimental techniques. Giroud [16] analyzed the Poisson's ratio of textile sheets used in nonwoven geomembranes and geotextiles. In this study he found theoretical equations for calculating Poisson's ratio as a function of strain. Sun et al. [17] developed a model to predict the value of Poisson's ratio. They designed a mechanical model to calculate fabric Poisson's ratio for a woven fabric considering extensible yarns. Theoretical results were compared with the available experimental data previously measured by Bao. They concluded that the Poisson's effect in a woven fabric occurs due to the interaction between the warp and weft yarns, and can be expressed in terms of the structural and mechanical parameters of the system. They studied the effect of yarn and fabric structural parameters on the Poisson's ratio. They mentioned that the pick spacing ratio and yarn diameter ratio are more effectual on Poisson's ratio than yarn Young's modulus.
EXPERIMENTAL WORK Material
In this study worsted fabric with three weave structures of twill 2/2, twill 3/1 and hopsack 2/2 were selected. Each fabric structure was produced in three weft densities of 19, 21 and 23 picks/cm. As a result nine groups of worsted fabrics were raised for the experiments. Fabric yarns in both warp and weft were 40/2 Nm comprised of 45/55 wool-polyester. The specifications of the samples are shown in Table I .
Test Method
Considering the fact that dimensional changes of fabric, particularly at lower extensions, are quite small, special consideration in measurement including high accuracy and precision in measurement is demanded; otherwise results are prone to immense error as cited in literatures [8, 9, 14, 15, 17] . To align this requirement, extra care at different stages of our experiments including minimum interfere, delicate handling in preparation stage, and extra care in fixing of samples on the tensile testing machine were implemented and an accurate method of measurement was performed. In addition, jaws were equipped with additional suitable emery paper to prevent unwanted sample slippage. Five samples with the dimension of 355 cm were examined in the weft direction for each fabric type on the tensile testing machine (Instron 5566) with the gauge length of 20 cm. The samples were extended up to 13% due to the fact that after this point they tended to buckle in the middle and also twist at both edges which caused error in the results.
In order to obtain quality images, a special tripod with the aim of positioning the camera close to the sample provided the capability of three dimensional camera adjustments and providing the configuration of tensile testing machine with suitable lighting equipment were made. Acquiring the results comprised of four steps: 1) The fabric deformation during extension was recorded digitally (Canon S3-IS), 2) Images related to certain required extensions were extracted from the recorded films, 3) By the assistance of graphical and CAD software the grabbed images were analyzed, processed and the dimensional change of fabric at certain extension were measured and 4) Finally the Poisson's ratio of the samples was calculated by using spreadsheet (Microsoft Excel 2007) software. For each sample group the average value of five specimens is reported.
RESULTS AND DISCUSSION
The average results of measured Poisson's ratio for nine groups of the fabrics are shown in Table II Figure 1 shows the typical curve of the Poisson's ratio of the worsted fabrics. The error bar chart of the acquired data is shown in Figure 2 . Study on the shape of the Poisson's ratio curve (Figure 1 ) revealed that this figure is comprised of two zones. Each zone is the outcome of two separate physical processes in fabric structure. The first zone is from the beginning to its maximum peak (from one to about nine to ten percent). The second zone is from the peak to the end (in the present case thirteen percent). Due to the importance of these two zones, these two internal physical processes were investigated. (warp-wise direction in our case). Figure 3 shows the typical curve of lateral contraction of the samples. As the figure shows, contraction of the fabric in the beginning of extension is very small. After that, there is a high rate of lateral contraction of fabric. By reaching to the end of de-crimping of weft yarns, the rate of fabric contraction drops fast and finally reaches to nearly zero.
By considering the Poisson's ratio equation (ν=ε x /ε y ), and change in the curve of Poisson's ratio (Figure 1) , this curve is as a result of alteration in the rate of lateral contraction (ε x ) of fabric ( Figure 3 ). This is due to this fact that in this equation the rate of extension (ε y =cte) is constant, therefore (ε x ) is the only variable in this equation.
The maximum peak of the curve occurs around crimp of the weft yarns. In practice it happens slightly higher than the weft crimp value. It is due to this fact that after the de-crimping zone there is a slight further lateral fabric contraction. This is mostly because of the change in the yarns cross section which is as a result of building up more tension on the weft yarns under extension and therefore changes in the shape of the yarn cross sections from elliptical to nearly circular. This effect is small and ends very soon after further elongation. As Figure 3 shows there is a continuous change in lateral contraction of fabric. Figure 4 shows the rate of lateral contraction (speed) of fabric. Since there is a simultaneous change in the warp and weft crimp during extension, by measurement of change in fabric dimension and fabric density, which can be determined from the fabric images, the values of warp and weft crimp at every extension can be measured. In general, the value of yarn crimp at each extension can be calculated as:
Where, C 1E = crimp of elongated yarn at extension E, P 2E = distance between the two adjacent yarns in width direction at extension E and Ly 1I = length of straight yarn between the two extended yarns at initial state.
The two parameters of Ly 1I and P 2E can be calculated as:
Where, P 2I = distance between the two adjacent yarns in width direction at initial state, D 2I = yarn density in width direction at initial state, C 1I = yarn crimp in tensile direction before extension (initial state), http://www.jeffjournal.org Volume 8, Issue 2 -2013 The value of the distance between the two adjacent yarns in the width direction at extension E, (P 2E ) can be calculated from:
Where, D 2E = weft density at extension E, ε E = fabric strain at extension of E, By replacing the Eq. (3) and Eq. (2) in 1, the final equation result can be simplified as:
Therefore the crimp of yarns at every extension can be calculated by having the initial yarn crimp (in the direction of extension) and extension value. By the same approach the yarn crimp in the lateral direction of extension can be calculated as:
Where, C 2E = crimp of yarn in width direction at certain extension, C 2I = crimp of yarn at initial state in width direction, S E = fabric contraction in a specific extension as SE=Δx/x 0 (x0 is the original width of sample),
The average values of warp and weft yarns crimp for all sample groups are shown in Table III .
As the sample extends in the weft direction there is a gradual reduction in weft crimp until it reaches to the end of yarn crimping value. After complete straightening of weft yarns, the calculation of crimp value becomes negative which represents the elongation of the straightened yarns. At the same time, there is an increase in the crimp of the warp yarns (Table III ). Figure 5 shows that there is high nonlinear (polynomial) correlation (R 2 =0.9984) between crimp of weft and warp yarns (in the range of de-crimping zone). 
Zone 2: From the Maximum Peack to the End
The second zone is from the maximum peak of the curve to the end of extension limit (from around 10 to 13%). In this zone, the Poisson's ratio curve is declining ( Figure 1 ) and is important because it represents the termination of lateral contraction of fabric despite the sample is extending.
By further consideration of Poisson's ratio equation (ν=ε x /ε y ), if the lateral contraction of fabric terminates, ε x become constant. Besides, the sample still is extending by a rate of (ε y ). Therefore the equation of Poisson's ratio changes to the new form of (ν=cte/ε y ) which is the general form of (y=k/x), a kind of homographic equation. Mathematically the limit of this equation is zero. In practice because of sample breakage, this condition never occurs. However, considering the concept of Poisson's ratio which represents the relation between lateral and longitude deformation of a material, if the lateral contraction of fabric doesn't take place this ratio doesn't have a practical meaning. Since at certain extension the lateral contraction of fabric terminates, although there is a calculated value of this ratio but it doesn't have specific meaning.
Cease in lateral contraction of fabric could be the results of two possible conditions. First, the end of the yarns de-crimping in the direction of extension and second, possibility of pursuing fabric structural jamming. In this condition even if the crimp of the yarns are not completely open and the possibility of further fabric contraction exists, because of no existence of further space between the adjacent yarns, no more fabric contraction happens.
In order to determine which one of the two conditions has been encountered, the cover factor of the samples in weft and warp direction were calculated (Table  IV) . http://www.jeffjournal.org Volume 8, Issue 2 -2013 The results show that the maximum value of cover factor of the weft yarn is 80.4% and reduces to 72.1%, whereas change in the cover factor of the warp is minimum 54.5% and increased to a maximum 75.3%. Therefore in fabrics the structural jamming was not encountered and termination of the lateral contraction of the samples was the result of fully opening the weft yarns crimp.
In order to study the effect of fabric structure and weft density on Poisson's ratio it was necessary to check whether these parameters had a combination effect on Poisson's ratio. In this regard, data were analyzed by two way ANOVA statistical analysis method using (SPSS) with 95% confidence level. Results confirmed that the two parameters of weft density and also fabric structure had a definite effect on Poisson's ratio but didn't support the combined effect of the two parameters. Therefore in the following parts the effect of each parameter will be analyzed separately. 
Effect of Weft Density on Poisson's Ratio
In the experiments the samples were extended in the weft direction. By increasing weft density, the number of the yarns caught in the jaw of the testing machine also increases. This means that there is a growth of the number of pressure points on the warp yarns and this pressure become more effective. Therefore it is expected to have faster lateral contraction and an increase in the maximum value of the Poisson's ratio. As Figure 6 shows this trend was observed in all three weave structures. 
Effect of Weave Structures on Poisson's Ratio
By studying the values of the Poisson's ratio considering weave structure, it can be seen that twill 2/2 has the highest values, after that twill 3/1 and at the end hopsack 2/2. This trend was observed in all samples, grouped by fabric weft density (Figure 7) . In order to study the reason behind this trend the effect of different structural parameters were examined. It was concluded that the explanation of this trend is related to firmness of the fabric structure. In order to express the firmness of the fabrics, the parameter of crossing over firmness factor (CFF) of fabric, introduced by Morino et.al [18] , was used, http://www.jeffjournal.org Volume 8, Issue 2 -2013 This factor (CFF) is expressed as: (6) By employing this equation the value for the three weaves of twill 2/2, twill 3/1 and hopsack 2/2 were calculated as 1, 1.33 and 2 respectively which are matched with the trend in Figure 7 .
Relation Between Crimp Interchange and Poisson's Ratio
Study revealed that there is high linear correlation between crimp interchange ratio (weft crimp/warp crimp) and the Poisson's ratio. It was observed that the correlation (R 2 ) for all samples varies between 0.977 and 0.994 (Figure 8 ). 
CONCLUSION
In the present work the effect of fabric structure and weft density of fabric on Poisson's ratio of fabric were investigated. Because of the anisotropic nature of fabric, the Poisson's ratio is not constant and changes at every extension. The trend and shape of the curve of the Poisson's ratio subjected to extension is mainly affected by the behavior of the fabric in the lateral direction of extension.
The general trend of the Poisson's ratio for the worsted fabrics used in this research was a change in the way that this ratio first increased nonlinearly and after reaching the peak, declined. These two separate zones represent two different processes in fabric deformation. The first zone represented the way that the fabric contracts in lateral direction under longitudinal extension. The second zone shows the end of the fabric contraction and demonstrates only the fabric extension with no further contraction.
It was observed that there is high exponential correlation between warp and weft crimp during fabric extension. By extending the fabric in the direction which yarn density changes (in our case weft yarns), fabrics with higher yarn density had higher value in Poisson's ratio. The same pattern was found in all three fabric structures. After investigation on different structural parameters of fabric, it was concluded that for the fabrics with the same condition but different structures, the value of Poisson's ratio was related to the structural firmness of fabric. In all three fabric structures the value of this ratio followed the same pattern of twill 2/2, twill 3/1 and hopsack 2/2 from higher to lower value. It was also revealed that there is a high linear correlation between the crimp interchange ratio and Poisson's ratio.
